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Abstract In this work, an experimental study combined
with numerical simulation was conducted to investigate the
potential of chemically enhanced water alternating gas
(CWAG) injection as a new enhanced oil recovery method.
The unique feature of this new method is that it uses
alkaline, surfactant, and polymer additives as a chemical
slug which is injected during the water alternating gas
(WAG) process to reduce the interfacial tension (IFT) and
simultaneously improve the mobility ratio. In essence, the
proposed CWAG process involves a combination of
chemical flooding and immiscible carbon dioxide (CO2)
injection and helps in IFT reduction, water blocking
reduction, mobility control, oil swelling, and oil viscosity
reduction due to CO2 dissolution. Its performance was
compared with the conventional immiscible water alter-
nating gas (I-WAG) flooding. Oil recovery utilizing
CWAG was better by 26 % of the remaining oil in place
after waterflooding compared to the recovery using WAG
conducted under similar conditions. The coreflood data
(cumulative oil and water production) were history mat-
ched via a commercial simulator by adjusting the relative
permeability curves and assigning the values of the rock
and fluid properties such as porosity, permeability, and the
experimentally determined IFT data. History matching of
the coreflood model helped us optimize the experiments
and was useful in determining the importance of the
parameters influencing sweep efficiency in the CWAG
process. The effectiveness of the CWAG process in pro-
viding enhancement of displacement efficiency is evident
in the oil recovery and pressure response observed in the
coreflood. The results of sensitivity analysis on CWAG
slug patterns show that the alkaline–surfactant–polymer
injection is more beneficial after CO2 slug injection due to
oil swelling and viscosity reduction. The CO2 slug size
analysis shows that there is an optimum CO2 slug size,
around 25 % pore volume which leads to a maximum oil
recovery in the CWAG process. This study shows that the
ultralow IFT system, i.e., IFT equaling 10-2 or 10-3 mN/
m, is a very important parameter in CWAG process since
the water blocking effect can be minimized.
Keywords Enhanced water alternating gas (CWAG) 
Enhanced oil recovery  Interfacial tension  Mobility
control  Water blocking
1 Introduction
The immiscible CO2 flooding process holds promise for
incremental recovery from reservoirs with low to moderate
pressures, where it is difficult to attain the minimum mis-
cibility pressure (MMP) of the reservoir fluid. CO2 gas
injection is more desirable compared to other injection
gases due to its lower injectivity problems, lower formation
volume factor, abundance of reserves, and higher incre-
mental oil recovery (Kulkarni 2003; Al-Abri and Amin
2010). The microscopic sweep efficiency of CO2 injection
is good; however, the mobility ratio which controls the
volumetric sweep efficiency between CO2 and oil is poor
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(Hinderaker et al. 1996; Faisal et al. 2009). Most of the
CO2 field projects have experienced early gas breakthrough
at the producers (Martin et al. 1988).
Caudle and Dyes (1958) noticed that the sweep effi-
ciency of a gas injection process can be increased by
decreasing the mobility behind the flooding front. This is
achieved by injecting a water slug along with the gas slug.
The water slug can reduce the relative permeability to gas
and therefore lower the total mobility. In their proposed
method, a miscible slug is driven by a simultaneous
injection of water and gas in a proper ratio. To avoid
injectivity problems and other operational limitations
related to the simultaneous fluid injection, an injection
scheme involving the alternate injection of gas and water,
water alternating gas (WAG), is used.
However, recent studies show that most of the fields
could not reach the expected recovery from a WAG pro-
cess (Sharma and Rao 2008). The average recovery in
miscible and immiscible WAG was 9.7 % and 6.4 % of the
original oil in place (OOIP), respectively (Christensen et al.
2001). Some studies have reviewed the main issues asso-
ciated with a WAG process. The main issues are water
blocking phenomena and WAG mobility control (Kulkarni
2003; Rao et al. 2004).
The injected water can isolate the residual oil from
contact with gas. Due to the high interfacial tension (IFT)
between water and oil, it is not possible for water to
remove the trapped oil from the pores. This phenomenon is
known as the water blocking effect and it reduces the
displacement efficiency at the pore scale (Green and
Willhite 1998; Muller and Lake 1991). Water blocking is a
strong function of rock wettability and more detrimental in
water-wet rocks (Lin and Huang 1990).
In highly viscous oil reservoirs, the injected water has a
low viscosity compared to the reservoir oil which makes an
unstable front behind the oil bank. Viscous fingering of
injected water causes the injected gas to have higher
mobility and early breakthrough which bypasses many
portions of the reservoir. In this condition, the WAG
mobility ratio becomes unfavorable (Tchelepi and Orr
1994; Dehghan et al. 2010).
To overcome the aforementioned issues and improve the
efficiency of conventional WAG process, a new EOR
method, which will be referred to as the chemically
enhanced WAG (CWAG) in this paper, is proposed. In this
CWAG method, alkali, surfactant, and polymer are injected
as a chemical slug during the WAG process to minimize
the water blocking effect by IFT reduction and to improve
the mobility ratio using the polymer. The CWAG process
includes a chemical slug which is preceded by CO2 and
followed by water, and followed by alternate CO2 and
water slugs. In another practice, a chemical slug is injected
after one cycle of gas and water slugs and is followed by
water and gas alternating slugs. This new method combines
the features of immiscible CO2 flooding with the alkali-
surfactant-polymer (ASP) and improves the efficiency of
the current WAG treatment.
Alkaline and surfactant additives are typical in a
chemical flooding which can reduce IFT significantly.
Alkaline additives can react with the acidic components of
crude oil to generate in situ surfactants or soap. The
combination of the soap and surfactant can reduce the IFT
to ultralow values such as 10-2 or 10-3 mN/m. By having
an ultralow IFT from alkaline–surfactant system, it is
possible to minimize the effect of water blocking in the
WAG process. WAG mobility control can be further
enhanced using polymer to increase the aqueous phase
viscosity. Therefore, mobility control which is a concern
for high-viscosity oil can be improved by CWAG process.
In this study, our objective is to demonstrate the EOR
potential of the CWAG process both experimentally and
numerically. The performance of the CWAG process is
compared with that of the conventional WAG flooding. The
coreflood data (cumulative oil and water production) are
history-matched via a commercial simulator by adjusting the
relative permeability curves and assigning the values of the
rock and fluid properties such as porosity, permeability, and
experimentally determined IFTdata. Historymatching of the
coreflood model was instrumental in optimizing the experi-
ments and in evaluating the criticality of the parameters that
influence sweep efficiency in the CWAG process.
2 Experimental description
2.1 Materials
The main chemicals used in this study are surfactants,
alkali, and polymer. The chemicals selected were 1 wt%
NaCl brine and crude oil during phase behavior and core-
flood experiments. Pure CO2 (99.99 % purity) was used
during CWAG and WAG floodings. The crude oil used for
phase behavior and coreflood experiments had a viscosity
of 1.6 cP and a density of 0.8 g/cm3 at 85 C, respectively.
The acid value of the crude oil was 0.37 mg KOH/g oil. 1
wt% NaCl was used during saturation, brine injection,
waterflooding, WAG, and CWAG.
Three available surfactants named as Petrostep S13A,
S3B, and S13C were tested in phase behavior experiments.
Sodium carbonate (Na2CO3) is a conventional alkali, and
offers the additional advantage of speeding microemulsion
equilibration, resulting in quick mobilization of residual
oil. Polymer SNF-3330S is the most extensively used
polymer in coreflood experiments. It had a molecular
weight of approximately 8 million Daltons and a degree of
hydrolysis of 30 %.
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2.2 Experimental procedures
Chemical additives (i.e., surfactant, alkali, polymer, and
electrolyte) are evaluated based on their microemulsion
phase behavior. As is well known, a microemulsion is a
thermodynamically stable and clear dispersion of oil and
water, in combination with surfactant molecules (Rucken-
stein 1981; Walker et al. 2012). Winsor (1985) identified
that for a microemulsion system with a fixed surfactant
concentration, selected crude oil, and different salinity, the
phase behavior of microemulsion can be classified into
three different classes: microemulsion Type I (or lower
phase microemulsion), microemulsion Type II (or upper
phase microemulsion), and microemulsion Type III (or
middle phase microemulsion). Microemulsion Type III is
formed in equilibrium with both excess oil and brine.
Because of high solubilization ratio and ultralow IFT
between Type III and crude oil/aqueous interfaces, this
type of microemulsion is of great interest in the EOR
process.
Microemulsion phase behavior was investigated by
mixing aqueous surfactant solution, electrolytes with dif-
ferent salinities, and/or alkali with oil at a specific water/oil
ratio (1:1) in glass vials or pipettes. They were first shaken
well by hand for 1 min, and then aged in an oven at 85 C.
The solubilization parameters of water and oil are defined
as the ratio of the volume of the respective phase solubi-
lized by the microemulsion phase to the volume of sur-
factant present in the microemulsion phase. It is assumed
for this calculation that all of the surfactants are contained
in the microemulsion phase. At optimum salinity, where
microemulsion Type III is present, the amount of oil and
brine solubilized into the microemulsion phase is approx-
imately equal. The intersection of oil and water solubi-
lization ratio curves is defined as the optimal solubilization
ratio and optimal salinity (e.g. refer to Fig. 7). A high oil
and water solubilization ratio at optimal salinity is corre-
lated with an ultralow IFT, which is the key mechanism in
surfactant-based chemical EOR. The details of this method
are well established (Flaaten et al. 2009; Liu et al. 2010;
Levitt et al. 2011). Determining the IFT value at optimal
salinity is very important in surfactant selection and per-
formance. Huh (1979) derived a theoretical relationship




where r is IFT, Vi is the oil/water volume present in the
microemulsion, and Vs is the total surfactant volume pre-
sent in the test tube. Huh’s equation (Eq. 1) has been found
to give a good estimate of the IFT over a wide range of
salinity and other variables for a large number of crude
oils.
The selected chemical formulation was used in conju-
gation with WAG injection in CWAG coreflood experi-
ments for good oil recovery and low pressure gradient
using Berea sandstone cores saturated with saline brine at
residual oil saturation. Figure 1 shows a schematic of a
coreflood setup for performing WAG or CWAG tests. The



























To apply confining pressure Oven
Fig. 1 Schematic diagram of a setup for coreflood displacements
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mechanisms involved in the CWAG process. A set of PVT
experimental results are also presented to elucidate the
effects of CO2 interactions with oil in terms of viscosity
reduction and oil swelling.
3 Chemical screening and formulation
To achieve the main objective of this study, it is desirable
to design an ASP slug which can produce a low IFT system
and provide good mobility control during coreflood tests.
The details of the chemical screening and formulation are
presented in the following sub-sections.
3.1 Surfactant screening
The selected crude oil was tested using three suitable
available surfactants in a surfactant screening test. The
purpose of the surfactant screening test was to find a sur-
factant and concentration that would generate a high sol-
ubilization ratio at optimum salinity which corresponds to
the attainment of an ultralow IFT. The selected surfactant
could then be used for further studies and optimization with
other chemical additives. The phase behavior study of the
surfactant screening is presented in Table 1. It shows that
Test A-3 produced the highest solubilization ratio as
compared to the other types of surfactants. The surfactant
used in Test A-3 is Petrostep S13C which is alcohol alkoxy
sulfonate. A solubilization ratio of nine at an optimum
salinity of 1.6 wt% was obtained from this surfactant. This
surfactant was selected for further experimentation.
3.2 Effect of surfactant concentration
To examine the performance of surfactant in terms of high
solubilization ratio and IFT reduction at different concen-
trations and to understand the dilution effect of surfactant
in reservoir applications, a series of phase behavior
experiments were conducted with Petrostep S13C with
relatively high to low concentrations. The results are tab-
ulated in Table 2. The results show that the optimal solu-
bilization ratio decreases slightly from 12 to 9 and to 8 mL/
mL as the concentration is reduced from 2 to 1 and 0.5
wt%, respectively. Thus, as the total surfactant
concentration decreases, the optimal solubilization ratio
also decreases. This means that the surfactant performance
decreases at lower surfactant concentrations. The results
also show that the optimal salinity increases slightly from
1.35 to 1.9 wt% NaCl as the surfactant concentration is
decreased from 2 to 0.5 wt% (Table 2). In summary, the
results of Table 2 show that the optimal solubilization ratio
remains nearly constant at low surfactant concentrations of
0.5 wt% (with optimum solubilization ratio of eight) and 1
wt% (with optimum solubilization ratio of nine). There are
some cost advantages with injecting dilute surfactants even
for a fixed mass of surfactant. The surfactant concentration
of 0.5 wt% was selected for final chemical formulation
involving Petrostep S13C.
3.3 Alkaline selection and optimization
A series of experiments with an aqueous solution con-
taining 0.5 wt% surfactant, and different concentrations of
sodium carbonate as alkali were conducted with the
selected crude oil. Salinities ranging from 0 to 3 wt% NaCl
were prepared to observe all microemulsion types for dif-
ferent concentrations of alkali. The data from phase
behavior tests are presented in Table 3. The results show
that an increase in the alkali concentration causes an
increase in the optimal solubilization ratio up to 11, which
is a result of the in situ generated surfactant (soap) due to
the reaction between the alkali and the acidic components
of oil. There is a slight decrease in optimum salinity with
increased alkali concentration, which is likely due to the
generation of in situ surfactant. The in situ surfactant may
have an optimal salinity lesser than that of the synthetic
surfactant, and therefore its presence would decrease the
optimal salinity. The 0.5 wt% alkali concentration (with
Table 1 Microemulsion phase behavior tests conducted for surfactant screening








A-1 Petrostep S13A 1 0–4 2.3 4.5
A-2 Petrostep S3B 1 0–2 1.3 5
A-3 Petrostep S13C 1 0–4 1.6 9














B-1 2 0–4 1.35 12
A-3 1 0–4 1.6 9
B-2 0.5 0–4 1.9 8
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0.5 wt% surfactant concentration) was selected as the
economic concentration which provided a high optimal
solubilization ratio of ten.
3.4 ASP slug formulation
As discussed in the last three sub-sections, the
microemulsion phase behavior study for the selected crude
oil shows a good performance in achieving a high solubi-
lization ratio over a range of surfactant and alkali con-
centrations. This information was used to design a
chemical recipe suitable for the intended coreflood
experiment.
A total surfactant concentration of 0.5 wt% was chosen
based on the data in Table 2. The 0.5 wt% surfactant con-
centration results in a solubilization ratio as high as 8, which
is sufficient to produce a low IFT system. The results
obtained when considering alkali in phase behavior experi-
ments with a fixed 0.5 wt% surfactant concentration are
given in Table 3. The experimental data show that the
highest solubilization ratios of 11 and 10 occur for 1 and 0.5
wt% Na2CO3, respectively. Since there is not much differ-
ence in solubilization ratiowhen the alkaline concentration is
doubled, the 0.5 wt% alkaline was used in chemical
formulation with an optimum salinity of 1.2 wt% higher than
the salinity of injection brine (1 wt%). Thus, the chemical
recipe C-1 with 0.5 wt% surfactant and 0.5 wt% alkali con-
centrationswith an optimum salinity of 1.2wt%was selected
for further tests. A concentration of 0.15 wt% SNF-3330S
polymer was incorporated in the chemical slug for the
mobility control during coreflood. Polymers affect the rela-
tive mobility of the phases generated during a chemical
flood, but they do not appear to affect the solubilization of
phases, so the system follows the typical pattern of a
microemulsion system without polymer. Polymer viscosity
versus concentration data at a temperature of 85 C and a
salinity of 1.2 wt% (salinity of the chemical slug) is shown in
Fig. 2. This figure gives an approximate estimate of the slug
viscosity in coreflood experiments. The ASP slug formula-
tion is presented in Table 4.
4 Coreflood experiments
WAG and CWAG coreflood experiments were performed
on a Berea sandstone core. WAG coreflood provided a
basis for comparing the results of CWAG as a new EOR
method. The chemical recipe provided in Table 4 was used
in the CWAG coreflood experiment. A low concentration
of polymer was used in the CWAG coreflood to avoid
plugging and also provided enough viscosity to create a
favorable mobility ratio in the coreflood. The injection rate
was set to 2 ft/D, roughly twice that for waterflooding
(typically at approximately 1 ft/D), and was constant dur-
ing the coreflood experiment. Table 5 lists the measured
and calculated core property data on the Berea sandstone
core obtained during core preparation and initial flood
experiments.
















B-2 0.5 0 0–3 1.9 8
C-1 0.5 0.5 0–3 1.2 10
C-2 0.5 1 0–3 0.6 11
Table 4 Optimum chemical
formula used during CWAG
coreflood experiments
Tests Petrostep S13C, wt% Na2CO3, wt% SNF-3330S, wt% NaCl salinity, wt%
D-1 0.5 0.5 0.15 1.2
Table 5 Measured and calculated properties of Berea core
Parameters Value
Mass (dry core) m, g 670
Length L, cm 30.48
Diameter D, cm 3.81
Pore volume, mL 76.45
Porosity u 0.22
Permeability to air (bare core) kair, mD 214
Permeability to brine kbr, mD 192.13
Connate water saturation Swc 0.21






















Fig. 2 Polymer viscosity versus concentration at 1.2 wt% NaCl and
85 C
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During the WAG coreflood, three cycles of WAG were
injected into the core. Each cycle included 0.6 PVofCO2 and
0.6 PV of water. CWAG coreflood followed the WAG pro-
cess, without interrupting the coreflood experiment. There-
fore, the CWAG began after three cycles of initial WAG.
This procedure helped understand the potential of CWAG in
improving oil recovery compared to that of only WAG
injection. Also it helped in observing the effect of an ASP
slug on the recovery when there was no more oil production
from theWAGprocess. DuringCWAG, the initialWAGwas
followed by a 0.6 PV ASP slug and displaced by two more
cycles of WAG. The coreflood results are shown in Table 6.
It is seen that CWAG improved the WAG oil recovery by
26.6 %. This result demonstrates the potential of CWAGas a
new EOR method by improving the oil recovery signifi-
cantly. The following sections discuss the results according
to oil recovery and differential pressure response during
coreflood experiment.
4.1 Oil recovery
Figure 3 shows the cumulative remaining oil recovery after
waterflooding (ROIP) as a function of the injection pore
volume (PV) during WAG injection. During the first CO2
slug injection, 8.4 % ROIP was recovered. This is appar-
ently related to the invasion of CO2 into those pores which
are inaccessible by water (Dong et al. 2005). After 0.6 PV
of CO2 slug injection, 0.6 PV of water was injected into the
core, resulting in additional 6.2 % ROIP oil recovery.
Figure 3 shows that 14.6 and 6.3 % of ROIP were recov-
ered during the first and second WAG cycles, respectively,
compared to 0.1 % ROIP recovery during the third cycle. It
means that the major portion of the oil is obtained from the
first and second cycles of WAG injection. Because of the
increasingly high water saturation and reduced disconti-
nuity of the oil phase, the oil recovery declined signifi-
cantly after second cycle. The oil recovery by WAG
injection was 22 % ROIP for a total oil recovery (including
waterflooding) of 72 % OOIP.
Figure 4 shows the residual oil recovery during the
CWAG process as a function of the fluid pore volume
injected. As aforementioned, the initial 3 cycles of WAG
could only recover 22 % ROIP. The CWAG process then
started by injecting a 0.6 PV ASP slug that was followed by
two cycles of WAG. Figure 4 shows that during ASP slug
injection, there is no oil production until the oil bank
breaks through from the core because the oil is initially at
residual saturation in a tertiary flood. In CWAG coreflood,
the final oil recovery was 48.6 % ROIP which is more than
twice that of the WAG process—a 26.6 % improvement
over the WAG process. The total oil recovery from the
CWAG process including the waterflooding stage was
81.5 % OOIP.
Figure 5 shows that there are two noticeable oil banks
after ASP slug injection. The first oil bank is related to the
ASP slug itself. The ASP slug was injected at an optimal
salinity which would produce microemulsion Type III
immediately after contact with residual oil. The
microemulsion Type III has an ultralow IFT, and it can
mobilize the residual oil left after the 3 cycles of initial
WAG injection. The higher viscosity of the ASP (refer to
Fig. 2) compared to that of water improves the sweep
efficiency and makes new flow channels in unswept regions
of the core pushing out more bypassed oil. The second oil
bank could be related to surfactant desorption. Since the
Table 6 Injection and recovery
data of WAG and CWAG
coreflood experiments
Parameters Coreflood data WAG CWAG
Injection data Flow rate, mL/h and ft/D 0.2, 1 0.2, 1
ASP slug size, PV – 0.6
CO2 slug size (in each cycle), PV 0.6 0.6
Water slug size, PV 0.6 0.6
Recovery data Waterflood, % OOIP 64 64
EOR, % ROIP and % OOIP 22, 8 48.6, 17.5
Total, % OOIP 72 81.5




























Water slug Water slug
Oil recovery of WAG = 22 % of the 
remaining oil after waterflooding
CO2 slug
Fig. 3 Cumulative remaining oil recovery after waterflooding for
WAG coreflood experiments. Three cycles of WAG, including 0.6 PV
of CO2 and 0.6 PV of water in each cycle were injected
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first water slug after ASP has a lower salinity than ASP, a
negative salinity gradient was imposed in the coreflood. A
negative salinity gradient allows the generation of
microemulsion Type I and, thus trapped surfactant is
mobilized into the water slug again through surfactant
desorption. It is also possible that alternate injection of
water and CO2 after ASP slug may have changed the
wettability of the rock surfaces to make them more water
wet. Due to the presence of the trapped CO2, the natural
tendency of the water drive (after ASP) to move unhin-
dered in the water-wet channels is significantly reduced.
Trapped CO2 also helps reduce the overriding of the water
drive in the ASP slug and generate microemulsion in the
preferentially oil-filled channels which contain the residual
oil.
4.2 Differential pressure response
Figure 6 shows the differential pressure curve during three
cycles of WAG followed by an ASP slug and two more
WAG cycles. After waterflooding, EOR was commenced
by CO2 slug injection in WAG mode. At the beginning of
the first CO2 slug, the differential pressure was low because
of low viscosity of CO2. But shortly after mobilizing the
residual oil by CO2, the differential pressure increased to
its maximum value of 3.1 psi and then decreased slowly as
the injection continued and the mobilized oil was
produced.
During the first water slug injection following the CO2
slug, a sudden increase in differential pressure was
observed that was related to a sudden change in the vis-
cosity of the injected fluid from CO2 to water and also
mobilizing a new batch of oil in the core. The first slug of
CO2 injection changed the mobility of the water in the
core, and thus the water slug following the CO2 slug
recovered some more oil. Also some oil which was moved
to the water channels during previous CO2 injection was
produced during this step. Figure 6 shows that the second
and third cycles of WAG behaved in the same way as was
previously explained.
After three cycles of WAG, when there was no more oil
production, an ASP slug was injected into the core and then
displaced by alternate injection of water and CO2. There
was an increase in differential pressure during the ASP slug
injection which shows a flow resistance related to the
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CWAG= 26.6 % of the 
remaining oil after
waterflooding
Oil recovery of WAG= 22 % of the 
remaining oil after waterflooding
Oil recovery of CWAG= 48.6 % of 






Fig. 4 Cumulative remaining oil recovery after waterflooding for the CWAG coreflood experiment. In the CWAG process, an ASP slug was
injected after three initial WAG cycles and followed by two more WAG cycles. Each WAG cycle included 0.6 PV of CO2 and 0.6 PV of water,



















Initial WAG ASP 2nd WAG after ASP
1st oil bank after ASP 
injection 2nd oil bank due to 
chemical desorption and 
potential wettability 
changes
Fig. 5 Oil produced during the CWAG process. There are two
noticeable oil banks after injection of the ASP slug which was
injected after the initial WAG when there was no more oil production
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ASP injection. The increase in differential pressure is due
to the mobilization of residual oil which persisted until oil
bank breakthrough. The mobilized oil creates an oil bank in
front of the ASP slug. As the oil bank size increases, the
differential pressure increases until oil bank breakthrough
occurs. The second peak in the differential pressure is
related to the second oil bank generated that is associated
with surfactant desorption and wettability changes. After
the second oil bank breakthrough and microemulsion pro-
duction, the conditions in the core and the differential
pressure profile are similar to that in the previous WAG
process but slightly higher. This is possibly due to chemical
slug effects such as adsorption and wettability changes.
5 Important parameters affecting CWAG process
To improve the CWAG performance, it is desirable to
identify the key parameters that have the most significant
effect on the CWAG process. In any EORmethod, the aim is
to maximize the microscopic and macroscopic sweep effi-
ciencies. The volumetric sweep efficiency is improved by
maintaining a favorable mobility ratio between the displac-
ing and displaced fluids. The microscopic displacement
efficiency of the CWAG process depends greatly on the
phase behavior of the CO2, water, and reservoir oil mixture.
CO2 can dissolve easily into oil, reduce oil viscosity, swell
the oil and it can extract the light components of oil. IFT
reduction is another important parameter that affects the
CWAG process. The effects of mobility control, IFT
reduction, and interactions of CO2 with oil on the CWAG
process are further discussed in the following sub-sections.
5.1 Mobility control
The CWAG process claims an improvement of the WAG
mobility ratio, M. It affects both the areal and vertical
sweeps, with sweep increasing as M decreases for a given
volume of fluid injected. In a CWAG process, there is more
than one displacement front due to the injection of multiple
slugs of different fluids such as ASP, CO2, and water. The
flow behavior of any specific displacement front is affected
by the mobilities of the fluids immediately ahead of and
behind that front and also by the mobilities of the fluids in
the regions around the other fronts.
The mobility ratio between the displaced and displacing
phases is calculated from the differential pressure data
obtained from coreflood experiments. The average sec-
tional differential pressure is determined through the dif-
ferential pressure curve shown in Fig. 6. The mobility ratio
was calculated for different slug injections during the
WAG and CWAG processes. For the WAG injection, the
average value of the differential pressure during the flow of
displacing phases is determined, and the mobility ratio
between the oil bank and displacing phases is calculated for
different cycles of WAG injection as follows (by com-
bining mobility ratio and Darcy’s law):
1st oil bank and drive: M = [Dp(1st oil bank)/Dp(drive)]
= 2.2/1 = 2.2,
2nd oil bank and drive: M = [Dp(2nd oil bank)/Dp(drive)]
= 3.4/0.8 = 4.2,
3rd oil bank and drive: M = [Dp(3rd oil bank)/Dp(drive)]
= 2.6/1 = 2.6,
After three cycles of WAG injection when there was no
more oil production, an ASP slug was injected into the core
and it is driven by two more WAG cycles which is named
as CWAG. During CWAG, the mobility is calculated as
follows:
4th oil bank and drive: M = [Dp(4th oil bank)/Dp(drive)]
= 4.6/3.2 = 1.4
5th oil bank and drive: M = [Dp(5th oil bank)/Dp(drive)]
= 3.5/2.1 = 1.6
It can be seen from the above simple calculations that in
the CWAG process there is a better mobility control (the
lower the mobility ratio, the higher the mobility control)
during CWAG compared to WAG flooding. Also good
mobility control is achieved between the ASP slug and the
polymer-free water drive which was pushing the ASP slug.
The mobility ratio is calculated as follows:
Mobility ratio: M = [Dp(ASP)/Dp(polymer-free water drive)]
= 3.2/2.1 = 1.5.
It is very important that CWAG permits the use of a
polymer-free water drive to push the ASP slug. This is due
to the trapped CO2 in the core which directs ASP and water
drive to move in oil-filled channels which contain the
residual oil and microemulsion.
5.2 IFT reduction
To minimize the water blocking effect during WAG pro-
cess, it is proposed to have an ultralow IFT system using
0 1 2 3 4 5 6 7
Injection volume, PV

































Fig. 6 Differential pressure response during the first three cycles of
WAG, the ASP slug, and the second two cycles of drive WAG. Each
WAG cycle included 0.6 PV of CO2 and 0.6 PV of water, WAG ratio
was 1; ASP slug size was 0.6 PV
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alkali and surfactant. The solubilization result for the phase
behavior of Test C-1 is presented in Fig. 7. This result can
be used to predict the IFT of the alkali–surfactant system
against crude oil using Huh’s correlation. The IFT com-
puted from Huh’s equation is plotted in Fig. 8 as a function
of salinity. In optimum salinity (1.2 wt%), the IFT between
oil/microemulsion and water/microemulsion is equal and
that is the occasion when the IFT is the lowest. During ASP
slug injection, the injected surfactant mixes with the sur-
factant generated in situ by the chemical reactions between
the alkaline and the natural organic acids in the crude oil
which result in an ultralow IFT. The amount of surfactant
generated in situ depends on the acid value of the crude oil.
The ultralow IFT at the oil–brine interface helps emulsify
and mobilize the residual oil in the reservoir. The produced
microemulsion during coreflood experiment confirms that
there is a reduction in IFT during ASP slug injection which
causes aqueous and oil phase partitioning.
5.3 Effects of CO2 interactions with oil
To demonstrate the effects of CO2 on oil viscosity reduc-
tion and swelling, a set of PVT experiments were per-
formed with dead oil (oil with no dissolved gases). To
study the effect of CO2 on oil, approximately 50 mL of the
oil was transferred into a preheated PVT cell, and then CO2
was added to the oil in a series of steps from 20 to 80 mol
percent of the oil. At each addition, homogeneity of the
mixture was achieved by magnetically stirring the mixture
until the PVT cell pressure was stabilized at the set value.
Constant composition expansion (CCE) tests were con-
ducted after adding a predetermined amount (in mole
percent) of CO2. A sample of CO2-added oil was trans-
ferred to an electromagnetic viscometer to measure the
viscosity. The CO2-saturated oil properties are presented in
Table 7.
The saturation pressures of all the CO2-saturated oil
mixtures were determined by the break in the pressure–
volume curves attained from CCE tests. The viscosities of
all the mixtures were measured at pressures slightly above
their bubble point pressures using a viscometer, and by a
short linear extrapolation it was possible to determine the
related values at saturation pressure. The oil swelling factor
is calculated as the ratio of CO2-saturated oil volume at the
saturation pressure to the oil volume at the bubble point
pressure (pb) at 85 C.
The saturation pressures versus CO2 added data obtained
from the experiments are plotted in Fig. 9. As expected, the
saturation pressure increases with CO2 addition. This






































































Fig. 9 Saturation pressure versus volume of added CO2 in dead oil.
With a back pressure of 1200 psi during CWAG coreflood, a 50 mol%
CO2 solubility is expected












Dead oil 0 14.5 1.6 1
CO2-saturated oil 20 350 1.35 1.05
40 778 1.08 1.15
60 1540 0.7 1.33
80 3066 0.4 2.12
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The more CO2 is dissolved, the higher is the saturation
pressure. The dissolution of CO2 into the oil is also a
function of temperature and oil composition. The saturation
pressure increases steadily as the mole fraction of CO2
increases, and reached 3066 psi at 80 mol%. It is also
concluded from Fig. 9 that with a back pressure of 1200 psi
during CWAG coreflood, a minimum of 50 mol% CO2
solubility is expected during the CWAG process.
Figure 10 shows the related results for swelling factor
and viscosity curves of CO2-saturated oil at 85 C. In a
CO2 injection process, the dissolution of CO2 into the oil
can result in varying degrees of oil swelling, depending on
the oil properties. An increase in oil volume will allow
discontinuous oil droplets trapped in a porous medium to
merge with the flowing oil phase. The swelling factor (SF)
curve rises smoothly as the saturation pressure increases
(Fig. 10). The experimental results indicate that approxi-
mately 100 % expansion of the reservoir fluid can be
expected at a pressure of 3066 psi.
Figure 10 also shows that CO2 could significantly
reduce the viscosity of oil at a relatively low pressure.
Experimental results showed that the CO2-saturated oil
viscosity decreased sharply as more CO2 was absorbed
with the increasing saturation pressure. The viscosity of the
oil ranged from 1.6 cP in dead oil to 0.4 cP for 80 mol% of
CO2 dissolved in the oil. By considering a back pressure of
1200 psi during CWAG coreflood experiments, the oil
swelling factor was 1.25, indicating that the oil volume
increased by 25 %. The oil viscosity was reduced to 0.83
cP at 1200 psi from its original viscosity of 1.6 cP.
6 CWAG simulation approach
The CMG–STARS simulator was used to numerically model
and simulate the CWAG process. CMG–STARS is a finite-
difference, thermal, K value compositional, chemical
reaction and geomechanics reservoir simulator ideally suited
for advancedmodeling of recoveryprocesses (CMG2011). In
this study, the effects of oil swelling and oil viscosity
reduction which are the two important mechanisms in
immiscible CO2 flooding are modeled via appropriately
chosen pressure–temperature-dependent K values describing
solubility, as well as compositionally dependent viscosities.
CMG–STARS can handle a reduction in IFT of a maximum
of two components. Surfactant and alkali components are
responsible for IFT reduction in the simulation model. The
reduction of IFT is usually correlated with decreased residual
oil (and connate water) and change in relative permeability
through the calculation of a dimensionless capillary number
describing the balance between viscous and interfacial forces.
STARS can interpolate between different sets of relative
permeability curves based on capillary number. In addition,
the presence of surfactants can alter rock wettability, usually
interpreted as a change in the curvature of water and oil rel-
ative permeability curves. The water rheological properties
which are a function of polymer concentration are handled
with the polymer option in STARS.
6.1 History matching of coreflood experimental
data
A Cartesian rectangular coordinate grid was used to
describe the coreflood experiment. 100 grid blocks in the
flow direction were specified to increase the simulation
accuracy and to improve the convergence. The number of
grid blocks in the other directions was set equal to unity to
simulate 1-D flow. The porosity and permeability values
were assumed to be unchanged by mineral dissolution or
precipitation reactions. The details of reservoir rock and
fluid properties as well as grid block sizes used in simu-
lation are presented in Table 8.
Six components (water, oil, CO2, alkali, surfactant, and
polymer) were modeled to simulate the CWAG processes.
Three phases present in the simulation are aqueous, oleic,
and gaseous phases. The oil component can partition into
the aqueous phase in the presence of surfactant. The par-
titioning of oil in the aqueous phase results in a low IFT
between the aqueous phase and the oil phase. The IFT data
are used to calculate a set of capillary numbers in the
simulation model. The change in the capillary number
translates into a change in relative permeability and a
reduction in the residual oil saturation. During history
matching, relative permeability is a variable parameter
adjusted to match the coreflood data. The gas–oil relative
permeability curves were also generated by Corey (1954)
correlations in each case. It is also important to mention
that due to the effect of CO2, the liquid/CO2 relative per-
meability curves may change with CO2 concentration when










































Fig. 10 Viscosity and swelling factor curves of CO2-saturated oil at
85 C; with back pressure of 1200 psi during CWAG coreflood; a
swelling factor of 1.25 (an increase in oil volume by 25 %) and a
reduction in oil viscosity from 1.6 to 0.83 cP are expected
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correct values of CO2/liquid relative permeability were
achieved during history matching. The Stone model II
(modified) method was used to utilize the two-phase rela-
tive permeability measurements as a correlation of the
three-phase relative permeability curves (Aziz and Settari
1979). The adsorption capacity of rock to polymer, alkali,
and surfactant was also considered during history match-
ing. Figure 11 shows the experimental oil recovery and
cumulative water production overlain by simulated data for
the CWAG coreflood experiment. Figure 11 shows a sat-
isfactory match for the coreflood data. Only minor exper-
imental irregularities in cumulative water production, such
as 2.4, 3.6, and 6.6 PV were not matched.
6.2 Sensitivity analysis
The history-matched model was used for a sensitivity
study. A sensitivity analysis is performed on the critical
parameters affecting the process significantly, such as slug
pattern and CO2 slug size.
To study the effect of the CWAG slug pattern, five
different patterns as presented in Fig. 12 were considered
with the same chemical composition used in the coreflood
experiment. All slug patterns are designed with an initial
1.2 PV waterflooding. This study helps identify which
pattern yields a better recovery during the CWAG process.
The effects of slug pattern on CWAG performance are
presented in Figs. 13, 14 and 15. Figure 13 shows that
Patterns 3, 4, and 5 give almost the same recovery which is
higher than that of both Patterns 1 and 2.
The simulation results confirmed that if the ASP slug is
injected after the initial CO2, it would be more beneficial
compared to the injection of the ASP slug before CO2. In
this study, it is found that slug Pattern 3 has the best per-
formance during the whole injection period compared to
other patterns. This shows that injection of an ASP slug
which is preceded by only one cycle of CO2 slug and
followed by alternating water and CO2 injection provides a
















































Cum. oil-history match Cum. oil-experiment
Cum. water-history match Cum. water-experiment
Fig. 11 History matching of cumulative oil production and water
production during WAG injection of the CWAG process
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Fig. 13 Oil recovery factor for different CWAG slug patterns
Table 8 Reservoir and fluid properties on coreflood simulation
Reservoir properties Fluid properties
Parameters Values Parameters Values
Grid size, cm [0.1, 98 9 0.30897, 0.1] 9 3.38 9 3.38 Water density, g/cm3 0.976
Grid 100 9 191 Water viscosity, cP 0.44
kx 9 ky 9 kz, mD 192.13 9 192.13 9 192.13 Oil density, g/cm
3 0.835
Porosity 0.21 Oil viscosity, cP 1.6
Reservoir pressure, psi 1200 Initial oil saturation 0.79
Reservoir temperature, C 85 Connate water saturation 0.21
Rock type Sandstone
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to the oil viscosity reduction which resulted from the
injection of initial CO2 in front of the ASP slug. The
reduction in oil viscosity consequently improves the areal
sweep efficiency of ASP flooding as well as its injectivity.
Figure 14 shows oil cuts for Patterns 1 and 3 which have
the lowest and highest ultimate oil recovery in CWAG
patterns, respectively. It shows that in Pattern 3, there is an
oil bank formed after the CO2 and ASP slugs which pro-
duces continuously over a period of time. It means that
there is a good mobility control in Pattern 3. In contrary,
the oil cut during Pattern 1 decreases sharply during the
ASP slug oil bank production which means an unfavorable
mobility ratio is found that results in less oil recovery in
Pattern 1.
Figure 15 shows the average pressure during the slug
Patterns 1 and 3. During the initial CO2 injection, in Pattern
3, there is a decreasing trend in the average reservoir
pressure due to low viscosity of CO2. It is then followed by
ASP and water slugs which cause an increase in average
pressure. During CO2 and water slug injection after the
ASP slug, the differential pressure decreases and increases
alternately. A higher differential pressure during Pattern 3
compared to that of Pattern 1 is due to displacement of the
larger oil bank in Pattern 3. This result shows that injection
of CO2 slug before the ASP slug is beneficial during a
CWAG process.
A series of sensitivity tests was conducted to investigate
the effect of initial CO2 slug size during the CWAG pro-
cess. It is shown that having an ASP slug after the initial
CO2 slug is crucial in recovering more oil from the reser-
voir. Figure 16 shows the oil recovery versus initial CO2
slug size. This demonstrates that using 25 % PV CO2 slug
at the front of ASP, the CWAG oil recovery can be max-
imized. This result suggests that there is an optimum size
for the CO2 slug at the front of the ASP slug. Injecting
more than the optimum CO2 slug size is not recommended
to prevent asphaltene deposition. The initial CO2 slug
reduces the residual oil saturation and oil viscosity, and
causes oil swelling.
7 Conclusions
In this work, a new EOR method, CWAG, is proposed to
improve the oil recovery from the conventional WAG
process by combining two commercially competitor pro-
cesses, i.e., ASP and WAG. The most important conclu-
sions that can be drawn from this study are as follows:
(1) The CWAG method achieves 26.6 % more than
twice the incremental recovery of WAG.
(2) The CWAG process significantly reduces the IFT
and provides an ultralow IFT system to minimize the
water blocking effect.
(3) As well, CWAG has more favorable mobility
compared to WAG.
(4) The injection sequence is important in the CWAG
process. Injection of an ASP slug after one slug of
CO2 results in higher incremental oil recovery.
(5) In the CWAG process, there is an optimum CO2 slug
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Fig. 15 Differential pressure for slug Patterns 1 and 3 of the CWAG
process
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